REPLACEMENT of nonfunctioning valves
is a significant recent advancement in the correction of cardiac valvular disease. The most widely used artificial device replacing the mitral valve is the Starr-Edwards ballvalve prosthesis.' Its effectiveness was shown in recent reports by the marked clinical improvement in properly selected patients. 2 However, cardiologists and cardiac surgeons are faced with several problems in the use of this valve, which can be answered only by careful studies of the flow dynamics of the ballvalve prosthesis and hemodynamic and clinical evaluation of the patient before and after surgery. Despite the effective correction of the regurgitation by the Starr valve, it is assumed that the resistance to blood flow through this mechanical device is greater than that of the normal mammalian leaflet valve. The normal mitral valve has a diastolic valve area of 3.5 to 5 cm.2 while the presently used Starr-Edwards prosthesis has an opening of 1.8 to 3.1 cm.2 measured at the inner ring of the valve cage. It is assumed that the "effective orifice" is even less, due to changed dynamics of flow during closure and opening of the ball valve. The "stenotic" orifice of the ball-valve prosthesis becomes even more significant during high cardiac outputs of exercise. Studies to determine the "'effective orifice" of the Starr-Edwards valve during the diastolic flow and the dynamics of the flow during closure and opening of the valve are therefore important.
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Circulation, Volume XXX, July 1964 given heart will accommodate is the most desirable. This is determined primarily by the size of the mitral annulus into which the rigid ring of the ball-valve prosthesis is sutured. The metal cage of the prosthesis protrudes into the left ventricle. Therefore, the size of the left ventricular cavity is also important. In pure mitral stenosis left ventricular volume and the size of the mitral annulus are small. Depending on the degree of regurgitation, both become larger as regurgitation increases. To predict the size of the valve prosthesis that any given heart can accommodate, left ventricular volume and the size of the mitral annulus must be taken into consideration. Both of these determinations are best made prior to surgery. The greater inertia of the ball valve might allow some regurgitation in early systole but no regurgitation during mid-systole. Therefore, it was decided to study the most important portions of systole, the periods during valve closure and opening. In order to estimate the dynamics involved at these times, the mechanical system was constructed as shown in figure 5 . The cardiac cycle was simulated by adjusting the Pemco roller pump so that one of the two rollers was not occlusive and thus allowed free regurgitation retrograde through the pump. The ventricular reservoir was ele-KEZDI ET AL. .t. '. I;
.ES e * ; S 1 0 S ( l ' . R . a S f i . The second point of interest occurs with the unseating of the valve. Observation of the valve action in the transparent chamber showed that the ball was tightly wedged into the orifice with systolic pressure, and was forcibly ejected at the beginning of diastole. This is shown as the time interval X-O in figure 6 . The ventricular pressure was lowered by the pump to a negative value before the ball was dislodged, and the chamber pressures were equilibrated at a pressure of Pa. Table 1 shows the time relationships obtained from the pressure tracings of the systolic experiments. It can be seen that the time required for dislodgment of the ball at the end of systole (X-O) varies mostly with the pump speed. This is directly proportional to the negative pressure attained by the pump and is probably an artifact of the mechanical system. The human ventricle does not attain such negative pressures. The time in which there is regurgitation through the valve (S-C) is seen to vary somewhat with atrial pressure. The higher the atrial pressure, the longer is the S-C interval. This is probably because the larger atrioventricular gradient forces closure of the valve with greater velocity. However, this S-C interval remains relatively constant as the speed of the pump increases and systole and diastole shorten, thus consuming a larger percentage of systole at high "pulse rates." Figure 7 illustrates a possible mechanism of the regurgitation through the ball valve.
Sudden increase of systolic pressure, Pv, exerts an equal pressure over all of the surface of the ball and starts a column of blood moving 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 1.65 Table 2 Mitral Annulus from Biplane Left Ventricular Angiograms in 17 regard to exercise and daily activity. With the use of left ventricular angiocardiography, the size of the ball valve which the mitral annulus will accommodate can be predicted with relatively good accuracy. This becomes important in younger active persons whereas in older retired individuals, this is perhaps less significant. It also shows that the larger valves with a greater "effective orifice" will more likely be accommodated by hearts which have a dilated mitral annulus and left ventricle as a result of regurgitation rather than by hearts with tight mitral stenosis and small left ventricle.
It was shown in the mechanical pulse duplicator, that there is regurgitation before closure of the ball valve in early systole. As seen in figure 6 , the closing of the valve occupies one tenth to one third of the systolic period, depending upon the pulse rate. Angiocardiograms in patients with the ball valve, however, showed no evidence of regurgitation except in one patient in whom it was believed that the regurgitation was around the cage. The faster pressure generation and faster closure of the valve in the contracting left ventricle and the closer approximation of the density of the blood by the Silastic ball valve presenting less inertia, minimizes the amount of regurgitation. The blood regurgitated is only that which is between the ball valve and the cage and which does not contain contrast dye at the time of injection. Therefore, no dye can be seen in the atrium. Thus, the amount of regurgitation through the ball valve can be neglected from the practical point of view.
Summary
Flow dynamic studies were performed in a mechanical pulse duplicator with Starr-Edwards ball valves. It was shown that the "effective orifice" of the ball valve is less than the measured orifice of the cage of the valve. The orifice is decreased to 83 per cent of the measured orifice in the smaller and to 89 per cent in the larger valves. These measurements corresponded well with the measurements of the "effective orifice" of the valve implanted in patients who were examined by left and right heart catheterization and left ventricular KEZDI ET AL.
angiocardiograms several months after placement of the valve.
The closing regurgitation found in early systole in the mechanical system appears to be negligible in patients. Left ventricular angiograms did not show reflux of dye into the left atrium through the valve cage.
The size of the mitral annulus in patients was measured from left ventricular angiograms. The size of the mitral ball valve prosthesis which the mitral annulus will accommodate could be predicted with good accuracy from these measurements.
